In this paper, a novel single-parameter adaptive finite time fault tolerant control (FTC) scheme is developed for an n-link robotic system with actuator fault, disturbances, system parameter uncertainties and saturation constraints. First, a finite time passive FTC (PFTC) is designed. Then, an improved control strategy called active FTC (AFTC) based on single-parameter adaptive method is studied. In this control scheme, a nonsingular fast terminal sliding mode (NFTSM) control is employed for the purpose of enhancing the robustness of the robotic system. The single-parameter adaptive method is employed to avoid obtaining the values of actuator fault, disturbances and system parameter uncertainties which reduces the complexity of the control design and the time required for online calculations. Finally, the effectiveness of the proposed single-parameter adaptive finite time AFTC scheme is verified by the simulation results.
upper bound by using an adaptive method. The controller not only has a relatively simple structure, but also has strong robustness. The authors of [16] combine adaptive and fuzzy logic to observe faults, input quantization, and uncertainties in the stochastic nonstrict-feedback nonlinear system. Similarly, in [17] , the authors combine the adaptive strategy with the neural network to design an adaptive neural network-based observer. The observer is used to compensate for disturbances, parameter uncertainties and thruster fault of underwater vehicles. After the fault is diagnosed, AFTC can control and compensate for the system fault so that the system can work normally and smoothly.
At present, many advanced control methods have been proposed for robotic manipulators, such as cooperative control [18] , adaptive control [19] , [20] , fuzzy control [21] , neural network control [22] [23] [24] [25] , optimization control [26] , [27] , model predictive control [28] , [29] , impedance control [30] , admittance control [31] and SMC. Compared with other strategies, SMC [32] , [33] has the merits of insensitivity to system parameter uncertainties and external disturbances. Due to its strong robustness [34] , SMC is widely used in the field of FTC and has achieved good results. However, SMC has the disadvantage of chattering, which requires extra consideration in its application. Generally, SMC is combined with other control strategies to reduce or even eliminate chattering. However, in view of linear sliding mode surface, traditional SMC methods cannot converge in finite time. In contrast, based on nonlinear sliding mode surface, terminal SMC (TSMC) can satisfy the condition of finite time convergence. Considering the slow convergence speed and the singularity problems of TSMC, nonsingular TSMC (NTSMC) and nonsingular fast TSMC (NFTSMC) are designed. Both of them have nonsingular characteristics, however, NFTSMC has faster convergence than NTSMC. When the state keeps away from the equilibrium point, it can move to the sliding mode surface quickly.
Constraints have a critical impact on system performance. Therefore, a lot of research work has been done on it in the literature. Most of these consider constraints in the states of the system, such as position, speed as well as control inputs. Constraining the states of the system can improve overshoot, while constraining the control inputs can avoid excessive actuator torque. In a number of work, the barrier Lyapunov function (BLF) is employed to constrain the states, such as Logarithmic-BLF [35] , Integral-BLF [36] .
For control inputs, the problem of saturation constraints is commonly studied. For robotic systems with input saturation, actuator fault, external disturbances and uncertainties in system parameters, this paper combines adaptive methods with NFTSMC. The unique contributions of this work are as follows:
(1) Parameter uncertainties in the system, disturbances, actuator fault, and input saturation are integrated into a framework and the upper bound for the design of the controller is estimated using a single-parameter adaptive method.
(2) The NFTSMC strategy is used in the controller, which makes the system have the characteristics of fast convergence, non-singularity and strong robustness.
(3) A novel adaptive finite time fault tolerant controller combined with single-parameter adaptive method and NFTSMC is designed in this paper.
II. PROBLEM FORMULATION
A. MATHEMATIC TOOLS Lemma 1 [15] : For l i , i = 1, 2, · · · , n, if 1 < γ < 0, then the following inequality holds
Definition 1 [37] : For a nonlinear systemẋ (t) = f (x (t)), if there exists σ , ε and convergence time t r (σ, x 0 ) < ∞ to make x (t) < ε for all x (t 0 ) = x 0 and t ≥ t 0 + t r . Then, the equilibrium x = 0 of the nonlinear system is semiglobal practical finite time stable (SGPFTS).
Lemma 2 [37] : Consider the nonlinear systemẋ (t) = f (x (t)), f (0) = 0, and x (t) ∈ R n . Suppose there exists a positive definite function V (x (t)) such thaṫ
where α > 0, 0 < β < 1, and σ > 0. And the nonlinear system is SGPFTS. Proof 1: For (2), it can be modified aṡ
. Then, two cases will be studied.
So, we can get
In addition, the following inequality can be given as
The finite time t r is shown as
Case 2: If x (t) ∈ x , in the light of case 1, the trajectory of x (t) will remain within the set x . To summarise, the solution of the nonlinear system is bounded in finite time.
Lemma 3 [38] : Consider a nonlinear systemẏ (t) = f (y (t)), y (0) = y 0 . Suppose there exists a positive definite function V (y) such thaṫ
whereᾱ > 0 and 0 <β < 1. Then, the setting time is
Lemma 4 [39] : There exists a series of known nonnegative systems states x i , the uncertainties H (x 1 , x 2 , u) satisfies
where α, β and δ are unknown positive values. And = max {α, β, δ}.
B. NONSINGULAR FAST TERMINAL SLIDING MODE
Because of actuator fault, disturbances and parameter uncertainties, the NFTSM is employed to enhance robustness of the robotic system [40] 
where e ∈ R n andė ∈ R n are errors of tracking position and velocity, respectively. p and q are positive odd constants and satisfy the inequality relations of 1 < p/q < 2 and λ > p/q. k 1 ∈ R n×n and k 2 ∈ R n×n are positive definite diagonal matrices, respectively. Taking the derivative of (11), we can getṡ
Lemma 5: When the sliding surface s = 0, the moving point will reach the sliding surface. At this point, the system will change from motion mode to sliding mode. The convergence time t s of the sliding mode is determined by the equation: 0 = e + k 1 e λ + k 2ė p/q . Then the finite time t s of e (t) is given as follows:
where e(0) denotes the original state of e(t), and F(•) denotes the Gauss' Hypergeometric function.
Remark 1: l is n-dimensional vector, we have
where the sign function is defined as
Remark 2: • is the Euclid norm of the matrix •, and |•| is the absolute value of the number •.
C. SYSTEM MODEL
Consider a robot dynamics system described by Euler-Lagrange formulation [41] 
where q,q,q ∈ R n represent the position, velocity and acceleration, respectively; τ ∈ R n is the control input; M (q) ∈ R n×n denotes a positive definite symmetric inertia matrix; C (q,q) ∈ R n×n is a centripetal and Coriolis matrix; G (q) ∈ R n denotes the force of gravity; and ϕ (t) ∈ R n denotes the disturbances and parameter uncertainties of system. In addition, due to aging, wear and unmeasurable, the system parameters cannot be accurately measured.
Since actuator faults occur frequently and cause serious damage to the actuator in the robotic system, the actuator faults are considered. When the actuator faults occur, the actuator τ working on the robotic joint is expressed as
where τ ∈ R n denotes the applied control, u ∈ R n represents the control input by the designed controller, u 0 ∈ R n represents the uncertain fault and
Because of physical limitations on actuator such as output power and environment, the control input u is constrained by a saturation function. The saturation function can be shown as [15] 
where sat (u) = [sat (u 1 ) , sat (u 2 ) , · · · , sat (u n )] T ∈ R n denotes the actual input and sat (u i ) , i = 1, 2, · · · , n denotes the saturation characteristic of the actuators. The θ i (t), i = 1, 2, · · · , n can be shown as
where θ (t) = [θ 1 (t) , θ 2 (t) , · · · , θ n (t)] T ∈ R n and u mi , i = 1, 2, · · · , n represents the maximum value of ith actuator input.
Substituting (17) and (18) into (16), the dynamics model is rewritten as
where
III. CONTROL DESIGN
In the paper, the control objective is that the robotic system can still track the desired trajectory x d under the constraint of control input when a fault occurs. In this section, two cases are considered. First, based on the set upper bound¯ , we choose single-parameter approach to compensate for the total uncertainties. Then, a PFTC controller based on sliding mode control method is designed. However, it is difficult to get all uncertainties. To solve this problem, an adaptive method is employed in the second subsection.
A. PFTC
Let x 1 = q, x 2 =q, the robotic dynamics (20) is rewritten aṡ
is a vector that represents the actuator failures and total uncertainties of the system dynamics with I being the identity matrix and
) denotes the nominal part of the robotic dynamics. Then, we use the M −1 , H and f as the shorthand notations in the subsequent design. Define a position error z 1 as follows:
Taking the time derivative of z 1 , the velocity error z 2 can be obtained
According to Section II-B, the NFTSM of the robotic system can be described as
and the time derivative of (24) iṡ
Substitute (21) and (23) into (25), we havė
Assumption 1: The constant is unknown but upper bounded, i.e. ∃¯ > 0, such that ∀t > 0, ≤¯ . The Lyapunov function candidate is proposed
Differentiating V 1 yieldṡ
Define L = k 2 p q |z 2 | (p/q)−1 , the finite time PFTC controller is designed as
and η 1 is a positive constant value.
According to Cauchy-Schwartz inequality, we can get
Under Lemma 4 and Assumption 1, it is readily shown that
Substituting (29) into (28), it yieldṡ
Theorem 1: According to II-B, we know that p and q are positive odd constants and 1 < p/q < 2, so there exist two cases [42] : 1) z 2i = 0; 2) z 2i = 0. At the same time, considering (24), when s i = 0, the two cases are reconsidered as: 1) z 2i = 0; 2) z 2i = 0, but z 1i = 0. When z 2i = 0, we have η > 0 andV 1 < 0. Hence, the robotic system is stable according to the Lyapunov function and the robotic system will reach to the sliding mode within the finite time.
Moreover, when z 2i = 0, but z 1i = 0. Substituting (29) and (21) into the time derivative of z 2 , we can geṫ
Due to z 2i = 0, the (34) becomeṡ
From the above equation, we can knowż 2 ≤ −η with s > 0 andż 2 ≥ η with s < 0. It means that the moving point will move fast to the sliding mode s = 0 when z 2i = 0 but z 1i = 0 within finite time. Besides, due to the 1 < p/q < 2 and λ > p/q, there is no singularity in the finite time PFTC controller (29) . To sum up, the robotic system can reach the origin in finite time (t r +t s ) according to the Lemmas 3 and 5.
B. AFTC
Although the controller (29) can make the robotic system converge in finite time under the condition of actuator fault, input saturation, and all uncertainties, it is difficult to get the upper bound value¯ . To solve this problem, we employ the adaptive scheme to estimate the value¯ . Theˆ is set to estimate the , and we define the estimation error as
Since the is the unknown constant, the time derivative of can be shown as˙
Then, the adaptive law is designed aṡ
where α is a positive constant value. The finite time AFTC controller can be designed as
with K and η 2 being positive constant values. Consider a new Lyapunov function as
Taking the derivative of (41) and plugging (37) into it yieldṡ
Then,V 2 becomeṡ
Plugging the adaptive law (38) and finite time AFTC controller (39) into (43), we havė
Theorem 2: According to Lemma 2, the reach time t 1 is given as Thus, the z 1 and z 2 converge to the set
Hence, when the sliding mode s converge to the set 1 , z 1 and z 2 also converge to a small neighborhood of zero. According to Lemma 5, the convergence time t 2 is given as
The moving point of the robotic system goes through two stages: motion mode and sliding mode. The total convergence time t is expressed as t ≤ t 1 + t 2 .
IV. SIMULATION
In order to verify the performance of the adaptive finite time controller proposed in Section III, the two-link rigid robotic system shown in Fig. 1 is selected. In Cartesian coordinate system, the position vector q is defined as
For the robotic dynamics (20) , we have
where 
and
The dynamics parameters are given by Table 1 . The initial states of the dynamics are shown as q 1 (0) = 0, q 2 (0) = 0,q 1 (0) = 0,q 2 (0) = 0 (54)
The desired trajectory is set as q d = x d = [sin (t) + cos (t) , sin (t) + cos (t)] T , where t ∈ 0, t f and t f = 20s. The disturbances and parameter uncertainties of system is set as ϕ (t) = [0.1 sin (t) , 0.2 cos (t)] T , and the uncertain fault is set as u 0 = [0.01 sin (t) , 0.01 cos (t)] T . In order to simulate the influence of actuator fault on the system, d i (t) is defined as
where d i (t) =1, i = 1, 2 denotes that two actuators are healthy. These two controllers can perform their full functions. However, when 3 ≤ t ≤ 5, d i (t) =0.4 sin (t) + 0.5, i = 1, 2 denotes that two actuators will loose part of their performance. From Fig. 2 , we can know that the controller performance will reach the lowest point in about t = 4.7s, and the controller has only 10% of the original performance. This will put a great test on the control algorithm designed in this paper. The simulation studies are carried out in Matlab environment. The sampling frequency is set to 1000/s, the sampling time is 20s. Through the simulation, the following two cases are compared: 1) the control effect of PFTC; 2) the control effect of AFTC.
A. PFTC
The designed parameters of the PFTC are shown in Table 2 . The tracking performances q 1 and q 2 of PFTC are shown in Figs. 3 and 4 , respectively. We can state that the two joints track on the desired trajectory in about t = 2s. And since the actuators loose 90% their performances, we can see that the tracking errors will reach maximum values in the neighborhood of t = 4.7s. As shown in Figs. 5 and 6 , the constraint effect of control input is very good, and the control torque is limited to 15Nm. Besides, the control input has a sudden decrease when t = 3s, which is consistent with the trend in Fig. 2 . 
B. AFTC
For the designed parameters of the AFTC, the constraint item and the NFTSM item are the same as the PFTC. The η 2 , the adaptive parameters and the initial value ofˆ are given as
In this subsection, we discuss the effect of adaptive law on the controller. Compared with Figs. 3 and 4 , it can be seen that when fault occurs, the AFTC has a faster speed than the PFTC in handling faults from Figs. 7 and 8 , especially for the second joint. The AFTC input is shown as Fig. 9 and the constraint effect is shown as Fig. 10 . From Fig. 11 , it is obvious that the adaptive parameter has converged when t = 2s, and the system trajectories basically tracks the desired trajectories as shown in Figs 7 and 8. When t = 3s, due to the actuator faults, the parameters are adjusted adaptively again. And the adjustment is completed in about t = 5.3s. The parameter is adjusted within 0.3s after the faults are removed.
V. CONCLUSION
In this paper, a novel finite time fault tolerant controller is designed for n-link rigid robotic manipulators with saturation constraints, actuator fault and uncertainties. In complex situations, in order to track the trajectory in finite time, we have employed NFTSMC and a single-parameter adaptive method. The NFTSMC is used to enhance robustness and accelerate convergence speed of the robotic system. For the purpose of dealing with all uncertainties, the adaptive method is applied. Finally, through the simulation results on the two-link robotic system described in Section IV, we can state that the controller can handle the actuator fault effectively in finite time. GUANG LI (Member, IEEE) received the Ph.D. degree in electrical engineering from the University of Manchester, Manchester, U.K., in 2017.
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